Shunting vascular malformations of the brain and spinal cord are traditionally studied using digital subtraction angiography (DSA), the current gold standard imaging method routinely used because of its favourable combination in terms of spatial and temporal resolution. Because DSA is relatively expensive, time-consuming and carries a risk of silent embolic events and a small risk of transient or permanent neurologic deterioration, a non-invasive alternative angiographic method is of interest. New 320 row-detector CT scanners allow volumetric imaging of the whole brain with temporal resolution up to 3 Hz. Those characteristics make computed tomography angiography (CTA) an affordable imaging method to study the haemodynamics of the whole brain and can also be applied to the study of limited portions of the spinal cord. The aim of this paper is to make a brief summary of our experience in studying shunting vascular malformation of the brain and spinal cord using dynamic 4D-CTA, explaining the technical details of the studies performed at our institution, and the state-of-the-art major advantages and drawbacks of this new technique. We found that dynamic 4D-CTA is able to depict the main architectural characteristics of previously untreated vascular shunting malformations both in brain and spinal cord (i.e. their main arterial feeders and draining veins) allowing their correct diagnosis and exhaustive classification, limiting the use of DSA for therapeutic purposes.
Introduction
Shunting vascular malformations of the brain and spine are traditionally studied using digital subtraction angiography (DSA), the current gold standard imaging method routinely used in these pathologies because of its favourable combination in terms of spatial and temporal resolution.
Because DSA is relatively expensive, timeconsuming and carries a risk of silent embolic events 1 and a small risk of transient or permanent neurologic deterioration [2] [3] [4] , a non-invasive alternative angiographic method is of interest.
New 320 row-detector CT scanners allow volumetric imaging of the whole brain with temporal resolution up to 3 Hz. Those characteristics make computed tomography angiography (CTA) an affordable imaging method to study the haemodynamics of the whole brain and can also be applied to the study of limited portions of the spinal cord.
The aim of this paper is to make a brief summary of our experience in studying shunting vascular malformation of the brain and spine using dynamic 4D-CTA, explaining the technical details of the studies performed at our institution, and the state-of-the-art major advantages and drawbacks of this new technique. 39.3 years) with suspected arteriovenous malformations (AVM) of brain or spine. The mean delay between the two examinations was 2±1 days, with a maximum of four days. All patients underwent dynamic CTA for suspected and previously untreated AVM or dural arteriovenous fistulae (dAVF); none of the patients had already had a DSA study.
The hypothesis of such a type of vascular malformation was based on a previous MR without
Materials and Methods
Approval for this study was obtained from our institutional research ethics board in November 2012. Written informed consent was obtained from all patients.
In the period between December 2012 and December 2013 we performed a dynamic CTA study and a DSA study in 20 patients (18 men and 2 women -age range: 18-65, mean age: (Toshiba Medical System), with 320×0.5 mm detector rows covering 160 mm of volume per each rotation. The examination was preceded by a bolus test acquisition performed just below the skull base to optimize the timing of dynamic CTA acquisition phase. Subsequently, intravenous infusion of 50mL of non-ionic iodinated contrast medium (Iomeron 400, Bracco) followed by 20 mL of saline at 5mL/s injection rate was performed during dynamic CTA ac-and one second year radiology resident (FD). Then, within a maximum of 72 hours from the 4D-CTA, DSA was performed in all patients, and the DSA results were analysed by the same groups.
4D-CTA (Brain)
All dynamic CTA scans were performed using an Aquilion ONE multidetector CT scanner ume at any viewing angle, with temporal resolution of about three volumes per second.
4D-CTA (Spinal Cord)
The examination was preceded by a bolus test acquisition performed at the aortic level thought to correspond to the radiculo-medullary arteries feeding the shunt, to optimize the timing of the dynamic CTA acquisition phase. Subsequently, intravenous infusion of 90 mL of non-ionic iodinated contrast medium quisition sequences realized with a gantry rotation time of 0.35 s ( 3 Hz).
The dynamic acquisition sequence consisted of continuous "cine" CT acquisition with the following parameters: range: 160 mm, 80 KV, 120 mA, rot. time: 0.35 s, total scan duration: 15 seconds.
The raw data were reconstructed to obtain volume renderings or maximum intensity projections at the maximum available temporal resolution, generating time-resolved whole brain volumes using any part of the brain vol- nidal aneurysms of venous stenoses. The same elements were also evaluated after DSA with the same findings.
Discussion
Dynamic CTA is a novel technique to study cerebral, and -with some technical restrictions (due to the amplitude of the maximum available FOV) -spinal cord haemodynamics. This can be useful to detect and analyse the main features of previously unknown vascular shunting lesions both in brain and spinal cord. Currently, the technical characteristics of new multidetector CT scanners allow angiographic studies to be performed with sufficient temporal resolution (of about three frames/second) compared to traditional DSA studies or even if compared with recent dynamic MRA studies 5 .
The main limitation of the technique is the implicit assumption that when performing CTA the reader is required to interpret the effects of simultaneous injection of all the vessels that constitute the malformation, doing without the diagnostic potential added by selective or super-selective injections of the feeding vessels. This can result in a "chaotic" vascular picture especially for lesions with a more complex architecture, made by several different arterial feeders and draining veins. On the other hand, the viewing angles of DSA are determined intra-procedurally: due to the implicit limitations of the technique, this means that several repeated injections are required to obtain views from different angles and this accounts for the higher radiation dose delivered to the patient throughout the procedure.
In relation to the total radiation burden delivered to the patient, it is widely accepted that a scan duration of 20 seconds is enough to obtain the information necessary to perform an exhaustive analysis and classification of these vascular lesions. With the above-cited technical parameters (range: 160 mm, 80 KV, 120 mA, rot. time: 0.35) for a "standard" dynamic CTA acquisition phase, the total radiation dose is approximately calculated to be 5.62 mSv; with the same scanner, when performing a study of intracranial arterial circulation (first scan without contrast, range:160 mm, 120 KV, 150 mA, rot. time: 0.75 s -scan with contrast, range 160 mm, 120 KV, 300 mA, rot. time: 0.35 s) the total radiation dose is expected to be 3.62 mSv.
(Iomeron 400, Bracco) followed by 40 mL of saline at 6mL/s injection rate was performed during dynamic CTA acquisition sequences realized with a gantry rotation time of 0.35 s ( 3 Hz).
DSA (Brain)
DSA examinations were performed using standard biplane fluoroscopy equipment (Axiom Artis Zee, Siemens). All patients underwent bilateral injections of the ICA, external carotid artery and vertebral artery with additional selective injections of the occipital, ascending pharyngeal or maxillary arteries, if indicated.
DSA (Spinal Cord)
Patients with demonstrated previously untreated dAVF of the spinal cord underwent whole spine diagnostic DSA, with bilateral injections of the radiculo-medullary arteries to document any unknown arterial feeders that could not be investigated by the previously performed 4D-CTA.
Results
In all the subjects enrolled, the studies demonstrated an arteriovenous malformation. We found 12 brain AVMs (ten men, two women), two brain dAVF (two men), and six spinal cord dAVF (six men). Among the 12 brain AVMs, only one case was examined after acute haemorrhage (one day later), and in this patient the simultaneous presence of an unknown unruptured intracranial aneurysm, ipsilateral with the AVM, was discovered; 19/20 shunting vascular malformations were correctly detected using 4D-CTA.
In only one case was a dAVF of the lower thoracic spinal cord, the site of the shunt, not detected by 4D-CTA because of misinterpretation of the previous MR study, which caused wrong placement of the FOV during the planning phase of the 4D-CTA. In that case, whole spinal cord DSA successfully detected the feeding vessels and the site of the arteriovenous shunt. No complications were observed periprocedurally.
All 4D-CTA studies allowed us to classify the vascular malformations observed, analysing the number of arterial feeders, the location of the draining veins, and any associated intra-diagnostic information in comparison to traditional ("static" or non-dynamic) CTA or MRA.
Conclusions
Time-resolved CTA appears to be a valuable new diagnostic tool in the diagnostic work-up of brain and, with some limitations due to the It is more difficult to predict the radiation dose involved for DSA since it depends on many variables such as the fluoroscopy time needed (largely operator-dependent) to navigate into the feeding vessels, the number of injections performed, the equipment used, the execution or not of 3D DSA acquisition and so on.
In short, 4D-CTA is a non-invasive technique of angiographic imaging that can offer additional Also according to the authors who first investigated this new technique 7, 8 , although the information obtained with dynamic CTA studies may not be complete in some cases, a dynamic CTA examination can yield all the most important information necessary to plan a subsequent phase of treatment, dispensing -perhaps in the majority of cases -with an invasive approach only for diagnostic purposes. too small FOV, spinal cord vascular shunting lesions. Although with some pitfalls, already highlighted also by other authors 6 when facing low-flow dAVFs, and some limitations mainly due to the simultaneous injection of all the feeding vessels and to inferior temporal resolution compared to traditional DSA, 4DCTA seems to be useful and convenient because of the lower costs, risks and time consumption.
